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Pressure-flow relationships in Henle's loops and long collap-
sible rubber tubes. Oil-blocked Henle's loops in nondiuretic and
mannitol and saline diuretic rats were microperfused with a
solution which minimized transmural water flux. Proximal and
distal pressures were measured with the Landis technique or a
servo-nulling device and.a micropressure transducer, Press-flow
relationships were nonlinear at flows between 3 and 40 nI/mm.
Tissue pressure was estimated from the pressure in distal tubules
at zero flow. We also examined pressure-flow relationships in
long collapsible rubber tubes (length/diameter, 140), If in a
collapsible rubber tube upstream pressure is sufficient to dis-
tend the lumen but downstream pressure is not then external,
pressure strongly influences resistence to flow through the tube.
Raising downstream pressure in the tube may dilate the lumen
from a flat ellipse to a circle permitting flow to increase without
an increase of upstream pressure. Others have described these
features of flow in short collapsible rubber tubes. We found that
lengthening the tube alters the shape of the pressure-flow
relationship without removing its dependence upon external
pressure. Henle's loop behaves like a long collapsible tube. This
being so, subtle changes in distal transmural pressure will alter
luminal volume of the loop and transit time through it and
could thereby affect salt and water reabsorption. Resistance
to flow through loops of diuretic kidneys decreases because
distal pressure is high relative to tissue pressure.
Relations pression-débit dans les anses de Henle et les tuyaux de
caoutchouc longs et écrasables. Des anses de Henle bloquécs par
de l'huile chez des rats non diurétiques ou soumis a une diurése
par le mannitol ou le solute sale ont été microperfusé avec une
solution qui minimise le flux d'eau transmural. Les pressions
proximales et distales ont été mesurées par la technique de
Landis ou un système a zero asservi et un transducteur de micro-
pression. Les relations pression debit sont non linCaires pour
des debits compris entre 3 et 40 nI/mm. La pression tissulaire a
été évaluée a partir de la pression dans des tubes distaux en flux
nul. Nous avons aussi Ctudié les relation pression — debit dans
des tuyaux de caoutchouc écrasables (longueur/diamètre 140). Si
dans un tuyau de caoutchouc écrasable le pression en amont est
suffisante pour distendre Ia lumière alors que Ia pression en
aval ne l'est pas, alors Ia pression externe influence fortement Ia
résistance au debit a travers le tube. L'augmentation de Ia
pression d'aval dans le tube peut dilater Ia lumière gui passe
d'une ellipse aplatie C un cercle, ce gui permet l'accroissement du
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debit sans augmentation de Ia pression en amont. D'autres
auteurs ont décrit les aspects des debits dans les tubes de caout-
chouc courts et écrasables. Nous avons constaté que le fait de
raccourcir les tubes modific Ia forme de la relation pression
debit sans altérer sa dépendance a l'égard de la pression externe.
L'anse de Henle se comporte comme un tuyaux long écrasable.
Cela étant, des modifications minimes de La pression transmurale
distale doivent changer le volume luminal de l'anse et le temps de
transit a travers ele, affectant ainsi Ia reabsorption d'eau et de
sel. La résistance au debit a travers les anses dans les reins en
état de diurése diminue de fait que Ia pression distale est élevée
par rapport a Ia pression tissulaire.
Resistance to flow through Henle's loop varies; at
low rates of urine flow more than half the pressure
drop from glomerulus to renal pelvis occurs in the
loop; at high urine flow rates there is almost no pressure
drop across the loop [1—3]. Variations in transmural
hydrostatic pressure differences are presumably respon-
sible for these changes in cross-sectional area and resis-
tance to flow in the loop. Pressure-flow area relation-
ships are important not only because they may modify
glomerular filtration rate upstream and urine flow
downstream to the loop, but also because they deter-
mine flow velocity through the loop. Schnermann [4]
suggested that flow velocity or contact time alters the
relative rates of solute and water reabsorption in the
ascending limb.
Pressure-flow relationships in Henle's loop resemble
those in collapsible rubber tubes. In both there is a
range of flow rates within which resistance to flow
decreases as flow increases [1, 5, 6]. Within these limits,
upstream pressure may remain constant while flow
varies. This occurs in collapsible rubber tubes when
the transmural pressure gradient is near zero. Small
increases of intraluminal pressure produced by in-
creasing flow are then sufficient to gradually round out
the flattened elliptical tube beginning at the upstream
end. As the tube becomes more circular, its cross-
sectional area increases and the resistance to flow it
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offers decreases without a change in the perimeter of
the tube. We do not know how changes in flow and
pressure interact to increase the luminal cross-section
of Henle's loop.
Others [1, 4, 7] have assumed that the thin limb of
Henle's loop alone is responsible for the variable
resistance to flow through the ioop. We have con-
sidered the more general proposition that the entire
loop behaves as a collapsible tube. The proportions
(length/diameter, wall thickness/diameter) of thin
limbs in superficial rat nephrons are similar to those of
short collapsible rubber tubes in which pressure-flow
relationships have been studied [6, 8]. However, the
loop as a whole is longer and thicker-walled than the
thin limb; therefore, we began by examining the nature
of flow through long collapsible tubes. A more de-
tailed examination of flow in long collapsible tubes
was subsequently undertaken by Chu [9]. We then
proceeded to examine pressure-flow relationships in
microperfused loops of Henle using an "equilibrium
solution" containing a nonreabsorbable solute to
minimize net transmural water movement.
Methods
Pressure-flow relationships were measured in sur-
gical drainage tube (Penrose, Perry Rubber Co.,
Massilon, Ohio). A piece of tubing 91 cm long, 0.64
cm in diameter, with a wall approximately 0.011 cm
thick was connected to rigid inlet and outlet tubes in-
side a long, open plexiglass tank. There were water
manometers attached to both inlet and outlet tubes.
Flow through the tube was produced by connecting
the inlet to a constant pressure head reservoir. Flow
rates were measured by timed collections from the
outlet tube. Glycerine was used to obtain low Rey-
nolds number flows. External pressure about the
collapsible tube was varied by changing the level of the
fluid surface in the open tank. After measuring up-
stream and downstream pressure at zero flow, flow was
gradually increased by raising the upstream reservoir
until the collapsible tube became circular from end to
end. This procedure was repeated at various external
pressures.
Pressure-flow relationships in Henle's loop were
measured in Wistar rats of both sexes weighing be-
tween 150 and 300 g, anesthetized with mactin R
(Na-ethyl-(l -methyl-propyl)-malonyl-thio urea, Pro-
monta, Hamburg, W. Germany) (100 mg/kg intra-
peritoneally). The left kidney was exposed through a
flank incision, placed in a plastic cup and immobilized
by surrounding it with 2 to 3% agar (Bacto-agar,
Difco Lab., Detroit, Mich.) at 40°C. After the agar
hardened a window was cut in it to expose the kidney
surface, which was then bathed with warmed isotonic
saline. The left ureter was cannulated with a 5 to 10
cm length of PESO tubing. Rats designated as non-
diuretic were infused with isotonic saline solution at
0.02 to 0.04 ml/min through a PESO catheter in the
jugular vein, in other rats either 5% mannitol in
isotonic saline or isotonic saline alone was infused at
0.19 mI/mm to produce a diuresis. Saline diuretic
animals received 2.5 to 5% of their body weight as a
loading infusion of saline at 0.38 mI/mm at the be-
ginning of the experiment.
Proximal tubules suitable for microperfusion were
located by following the course of dye (Fast Green
FCF, Fisher Scientific Co., Fairlawn, N.J.) through
superficial convolutions. The dye was either injected as
an O.1% solution through a micropipette into proximal
convolutions or as a 5% solution through a PE1O
catheter in the jugular vein. A perfusion pipette (tip
10 to 17 t, OD) attached to a micropump (manufac-
tured by W. Hampel, Frankfurt, W. Germany) was
inserted in a late proximal convolution. Perfusion of
the tubule was started at 10 to 30 nl/min, then castor
oil stained with Sudan Black was injected through a
second pipette to fill several convolutions upstream.
To maintain this oil block stationary in some tubules
required continual suction of fluid arriving from the
glomerulus into the upstream pipette. In other tubules
the oil did not move after a large hole was made in the
tubule wall upstream to the oil and the pipette was
removed.
The perfusion pipette was filled with an "equilibrium
solution" (NaC1, 110mM; Fast Green, O.l%; d-
mannitol, 80 mM.) To calibrate the microperfusion
pump and to examine for water reabsorption in the
perfused loop, tritiated inulin (New England Nuclear)
was included in the perfusion fluid. The pump was
calibrated (Table 1) by delivering fluid directly from
the perfusion pipette into vials containing 3.5 ml of
water to which 11.5 ml of Aquasol (New England
Nuclear) was subsequently added. Net water move-
ments in the perfused loop were examined by corn-
Table 1. Calibration of the microperfusion pump'
Assumed perfusion rate
nl/min
Measured perfusion rate
ni/mm SEM
3 3.2±0.13a
5 5.1±0.15
10 9.3±0.6
20 20.1±0.4
30 30.3±0.8
40 39.9
a Mean standard error of the mean.
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paring the radioactivity of fluid collected from the oil-
blocked distal tubule of a perfused ioop with the
radioactivity of the perfusion fluid. This was done at
perfusion rates between 15 and 35 ni/mm. Equal vol-
umes of fluid and perfusate were transferred using a
nanolitre volumetric pipette into 0.2 ml Soluene
(Packard Instrument Corp., Downers Grove, Ill.).
After 30 mm, 10 ml of scintillation fluid was added.
Radioactivity was measured in a liquid scintillation
spectrophotometer.
Initially, intraluminal pressure was measured by the
Landis method [1]. The pressure-measuring pipette
had a tip diameter of 6 or less and was filled with
0.5% Fast Green in "equilibrium solution." Pressures
required to prevent movement of fluid into or out of the
pipette were recorded with a strain gauge pressure
transducer (Statham P23 BC) and a polygraph (Grass,
model 7). The strain gauge was calibrated with a water
manometer and each pipette was calibrated for capil-
larity before and after measurements were made in the
kidney. With the Landis technique, measurements
were made either in a proximal or a distal convolution
of a microperfused tubule. Pressures were measured at
increasing rates of perfusion from 5 up to 40 nI/mm
allowing two to three mm for stabilization after each
change of perfusion rate. If no leaks developed, the
procedure was repeated at decreasing flow rates.
In later experiments a servo-null pressure trans-
ducer [3] (I.P.M., San Diego, California) was used. In
addition, a micropressure transducer (Kulite Semi-
conductor Products, Inc., Ridgefleld, N.J., Model No.
CQL-070-25) was fitted into a plexiglass adaptor at the
end of the microperfusion pump. A similar device has
been described by Lohfert et al [10]. Both pressure
transducers were calibrated with a water manometer. In
addition, their readings were compared by inserting
them into the same convolution of proximal tubule,
then varying the pressure in the tubule by changes in
microperfusion rate and by obstructing the tubule
with a third pipette (Fig. 1).
Both transducer systems responded linearly to
pressure in the range of 0 to 50 mm Hg. The Kulite
transducer output drifted no more than 1 to 2 mm/hr.
The microperfusion pump was calibrated for the flow
dependent pressure drop along the pipette in two ways.
First, the pipette tip was placed beneath the surface
of the saline covering the kidney and the pressure
measured at various pump rates. This was done before
and after each tubule perfusion. The results agreed
with those obtained by the second method, which
involved placing the pipette tip in a proximal con-
volution adjacent to the tip of the null-point apparatus.
The Kulite transducer reading corrected for perfusion
rate was not significantly different from the reading
obtained with the null-point apparatus when both
were in the same proximal convolution (Table 2, Fig.
1). Corrections for flow through the microperfusion
pipette were between 0 and 1 mm Hg! 10 nl mm ' of
perfusion rate. Response time of the Kulite transducer
varied with the size of the pipette tip. With a tip of
about 15 , its reponse was similar to that of the null-
point apparatus (Fig. 1).
With the two pressure-measuring devices, it was
possible to measure upstream and downstream pres-
sure simultaneously. These experiments began at high
flow rates of 20 to 40 nl/min with the flow being de-
creased in steps to zero at three to five mm intervals.
After a stable pressure reading was made in the ab-
sence of perfusion, the pump was restarted and the
perfusion rate increased by steps to 30 to 40 nl/min. in
most tubules pressure was measured at a given per-
fusion rate at least twice, and in some it was measured
four or five times.
Results
Experiments on collapsible tubes began at zero flow
with upstream pressure less than the external pressure
applied to the rubber tube (Fig. 2). Under these con-
ditions the tube was collapsed into a dumbbell shape
from end to end leaving two channels at either side
through which fluid could pass. Initial increments of
upstream pressure increased flow slightly, the tube
remained collapsed and downstream pressure did not
increase detectably. Pressure drop relative to flow
(zP/Q) was high. As the upstream pressure was
increased further to approach external pressure, the
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Fig. 1. Recording of pressure measurements in a proximal con-
volut ion made with a microtransducer attached to a microper-
fusion pump (tip diameter of pipette, 15 i., above) and with a
servo-null transducer (below). The pump was perfusing an unob-
structed proximal tubule at 20 nI/mm. Changes in pressure were
produced by withdrawing or injecting fluid into a third pipette in
an adjacent convolution of the same tubule.
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Table 2. Example of a microtransducer calibration at different perfusion ratesa
Perfusion rate,
ni/mm
Pressure reading, mm Jig (A — B)÷
Perfusion rate,
mmHgnl'min'A B
M icrotransducer Servo-null
5 11.5 10.5 0.20
20 14.6 12.6 0.10
40 19.5 15.0 0.11
40b 20.7 16.6 0.10
40" 14.0 9.7 0.11
a Servo-null and perfusion pipettes were both in the same convolution.
b The tubule was obstructed downstream.
A large hole was made in the tubule wall.
tube began opening with an elliptical cross-section.
The collapsed downstream segment shortened as flow,
upstream pressure and downstream pressure rose.
With this change of configuration, LP/Q decreased.
Self-induced oscillations of the tube wall were observed
when downstream pressure approached external
pressure if the Reynolds number was greater than 65
and the external pressure greater than 3.9 cm of
glycerine at this point. Raising the external pressure
increased the upstream pressure necessary to initiate
dilatation of the tube. At high flows when the tube
0
C)
C)
Flow, mi/mm
Fig. 2. Pressure-flow relationships in a long collapsible tube;
length, 91 cm; unstretched diameter, 0.64 cm; and wall thickness,
approximately 0.011 cm. External pressure (Pe) was increased by
raising the level of the fluid surrounding the collapsible tube.
External pressures in cm of glycerine were as follows: open
circles (bottom), 9.6 cm; open squares (middle), 16.6cm and
closed circles (top), 22.5 cm. The left side shows upstream (Pu)
and downstream (Pd) pressures at different flow rates. Meas-
urements were stopped when the collapsible tube became cir-
cular from end to end. Note that this occurred at higher flows as
external pressure was raised. Pressure drop (Pu—Pd) is shown
on the right side.
became fully dilated LP/zQ was virtually independent
of external pressure [9].
Micropuneture experiments: Free flow pressures. In
the initial experiments pressures were measured with
the Landis technique. The intraluminal pressures were
high (Table 3), but in the range found by others using
this technique [1,2, 5, II]. At the conclusion of these
experiments, we obtained a Kulite pressure transducer
which we used to measure pressure in the renal pelvis
while urine dripped from the end of a PESO catheter in
the ureter. Pelvic pressure averaged 4.3 mm Hg in
three nondiuretic rats and 4.5 mm Hg in three man-
nito) diuretic rats. This we found is the minimum
pressure required to form drops at the end of the PESO
catheter. Subsequently, when using a servo-null
transducer we kept the ureteral catheter tip either in
contact with the wall of the collection vessel or sub-
merged in liquid with the surface at the level of the
renal pelvis. Under these conditions both proximal and
distal pressures were lower and similar to those found
by Brenner, Troy and Daugharty [3] (Table 2).
Microperfusion experiments. Fluid samples were
collected from distal tubules of seven microperfused
loops in three nondiuretic rats and from five loops in
four mannitol diuretic rats, The ratio of inulin con-
centration in collected fluid to that in perfusion fluid
20 Table 3. Free-flow measurements of intraluminal hydrostatic
pressure (mm Hg
Pressure, mm Hg
Proximal Distal
Nondiuretic Landis 14.2±2.3 7.2± 1.6
Servo-null 10.6±1.4 6.0±1.6
Mannitol diuresis Landis 21.4± 3.3 19.6± 3.1
Saline diuresis Servo-null 13.9 1.9 10.9 2.8
"mean± standard deviation.
0 10 20 0 10
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was 1.01 0.04 in the former and 0,98±0.03 in the
latter.
Morgan and Berliner [12], using a similar "equilib-
rium solution," found that approximately 20% of the
microperfused fluid was reabsorbed in the loop. They
found, as we did, that the rate of perfusion and the
state of diuresis did not alter the distal recovery. We do
not have an explanation for the difference in water
reabsorption in these two sets of experiments, unless it
is that we applied more suction to the collecting pipette.
This would decrease the contact time of fluid in the
loop and might also result in some retrograde collec-
tion of nonradioactive fluid from the late distal tubule.
Landis technique. Occluded nonperfused proximal
tubules were collapsed. Their lumens dilated as per-
fusion rate increased. After the lumen had been filled
with equilibrium solution, it remained open in the
absence of perfusion. Distal tubules of occluded non-
perfused loops were collapsed in nondiuretic kidneys
but were often open in diuretic kidneys, presumably
because of retrograde transmission of pressure from
the collecting duct. Distal tubule lumens dilated at
perfusion rates of 10 to 20 ni/mm in diuretic kidneys
and of 40 to 50 ni/mm in nondiuretic kidneys.
Proximal and distal pressures were not measured in
the same loop for fear of creating leaks. In six non-
diuretic and five mannitol diuretic rats, two loops were
successfully perfused permitting the measurement of
proximal pressure-flow relationships in one and distal
pressure-flow relationships in the other (Fig. 3).
Zero-flow pressure designates the pressure at which
dye just moved out of the pressure-sensing pipette into
the lumen of a distal tubule whose tubule was occluded
but not perfused. Proximal and distal pressures at any
given perfusion rate were high in tubules with high
zero flow distal pressures and were low in tubules with
low zero flow pressure.
In experiments using the servo-null apparatus and
transducer, pressure measurements began at flow
rates of 20 to 40 nI/mm and continued as flow was de-
creased stepwise to zero. After the perfusion pump was
turned off, pressure in the distal tubule fell over a
minute or less to a stable value. Pressure in the proxi-
mal tubule fell less rapidly, taking three to five mm to
attain a stable level. Tn some cases proximal pressure
did not fall, apparently because the pipette tip im-
pinged on the tubule wall. In the absence of perfusion,
the proximal lumen (filled with equilibrium solution)
decreased in size but did not collapse. Distal tubules of
nondiuretic rats collapsed in the absence of perfusion
while those in saline diuretic rats narrowed but did not
collapse completely. Pressure was also measured as
flow rate was increased stepwise. Almost invariably,
pressure was higher in the proximal tubule for rates of
5, 10 and 20 nl/min if the measurements were made at
increasing flow rates. The difference was, however, not
great, averaging 0.4 mm Hg. Measurements made at
ascending and descending perfusion rates are included
in the means (Fig. 3), but most measurements were
made at descending perfusion rates.
As perfusion rate was increased, there was a tend-
ency for proximal pressure to overshoot its final
stable value. Overshoot was most evident with in-
creases in flow from zero to 5 nl/min. With decreasing
pressures the proximal pressure usually attained its
final value without overshooting (Fig. 4).
Discussion
Pressure-flow relationships in microperfused Henle's
loops resemble those in long collapsible rubber tubes
(Figs. 5, 6). Pressure-flow curves in a collapsible
rubber tube can be divided into three parts which we
call the waterfall, transition and rigid pipe regions.
In the first part, flow rate is low and the internal
pressure is insufficient to open the tube which remains
collapsed in a dumbbell shape. Fluid passes through
small channels at either side of the tube. Flow relates
linearly to pressure drop in the tube [6}, but is inde-
pendent of pressure downstream to the collapsible
tube. Permutt and Riley [13] considered pressure-flow
relationships in this region to be analogous to those in
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U Nondiuretic
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20l0
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10
Servo-null
o Saline
• Nondiuretic
"0 20 40 0 20 40
Flow, nI/miiz
Fig. 3. Top Left. Proximal intraluminal pressures measured by
the Landis technique in inicroperfused tubules oJ'nondiurelic (solid
squares) and mannitol diuretic (open triangles) rat kidneys.
Means SEM Bottom left, Distal tubular pressures in the same
kidneys Top right, Pressure-flow relationships in the proximal
tubules of nondiuretic (solid squares) and saline diuretic (open
circles) rat kidneys. Most of the pressures were measured with
a microtransducer attached to the perfusion pump; a few were
measured with a servo-null apparatus. Bottom Right, Pressure-
flow relationships in the distal tubules of the same kidney. All
pressures were measured with the servo-null apparatus at the
same time as proximal pressures were being measured with the
microtransducer.
Fig. 4. Recording of proximal
pressure with a micropressure
transducer attached to a micro-
perfiisionpump (above) and distal
pressure recorded with a servo-
null transducer in the distal tubule
(below)atvarious perfusion rates.
The chart was speeded up part-
way through the recording. Note
the overshoot in proximal pres-
sure upon increasing the per-
fusion rate and the lag in
transmission of pressure to the
distal tubule upon increasing the
pump rate from 0 to 10 nl/min.
The pump perfusion rate is indi-
cated at the top of the chart.
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a waterfall. We did not examine pressure-flow relation-
ships in this region, in either rubber tubes or micro-
perfused loops.
00
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The second part of the pressure-flow relationship in
Fig. 5. A schematic comparison of pressure-drop to flow relation-
ships in long (LID>100) and short (LID <10) thin-walled col-
lapsible tubes derived from references 6, 8, 9 and 14 as well as
from Fig. 2. Zone 1, the waterfall region; the tube is collapsed.
Zone 2, the transition region; the tube changes from flattened
ellipse to a circle without an increase in its perimeter. Zone 3, the
tube is a compliant or rigid pipe; it is circular and may distend by
stretching of its perimeter. Three curves at increasing external
pressures (diagonal arrow Pe) are shown for both long (above,
LID> 100) and short (below, LID< 10) tubes. Note the curves
for a tube only diverge in the transition region.
Fig. 6. Left, Pressure-drop flow relationship in microperfused
Henle's loops of nondiuretic (solid squares) and mannitol diuretic
(open triangles) rat kidneys measured by the Landis technique.
Proximal pressures were measured in one loop, distal in another
in the same kidney. Right, Pressure drop-flow relationships in
microperfused loops of nondiuretic (solid squares) and saline
diuretic (open circles) rat kidneys calculated from simultaneous
measurements of proximal and distal pressures made with a micro-
transducer and servo-null apparatus. Mean SEM.
collapsiblerubber tubes begins as the upstream pressure
approaches and exceeds the pressure needed to open
the tube from its dumbbell shape to an elliptical cross-
section. Further rises in upstream pressure make the
lumen more circular and also extend the open segment
further down the tube. Thus, the luminal volume of
the tube increases and resistance to flow decreases.
Short rubber tubes (length/diameter less than 10) have
been used exclusively to study pressure-flow relation-
ships in collapsible tubes [6, 8]. In these short tubes
the sudden increase of luminal volume which occurs in
the transition region permits flow to increase while the
pressure drop along the tube decreases. This relation-
ship is shown by the three lower curves in Fig. 5. Our
iol 0 I 10 I 20 I20
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5
0
mal 5 nllmin
Distal
I I I -I I I II mm intervals
Flow, nllmin
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investigation has shown that in long collapsible tubes
(length/diameter, 140), there is no region in which
pressure drop decreases as flow increases (Fig. 2,
upper three curves in Fig. 5). The difference between
long and short collapsible tubes probably lies in the
effect of length on the dissipation of the pressure head.
As internal pressure in a short collapsed thin-walled
flexible tube is increased from below external pressure,
the tube remains collapsed until transmural pressure
approaches zero. Then, over a small range of pressures,
the wall is bent from an elliptical to a circular distended
shape [6, 9, 14]. Lengthening the collapsible tube in-
creases loss of the pressure head during flow and
reduces the force available for bending the wall at the
downstream end. Consequently, longer tubes dilate less
rapidly as upstream pressure is increased. The ease
with which the wall of a rubber tube may be bent into a
circle is also reduced by increasing wall thickness [9]
and the elastic modulus [14].
In the third region, flow is high and pressure within
the tube at all points exceeds external pressure. The
tube is circular and the wall is in tension. Pressure-flow
relationships are those found in rigid pipes. Pressure
drop increases with flow and is virtually independent
of external pressure [6, 8, 13, 14]. We did not examine
pressure-flow relationships in this region.
Raising external pressure about the collapsible rub-
ber tube increases the upstream pressure necessary to
initiate transition from the dumbbell to elliptical cross-
section. It also increases the pressure drop required to
produce a given flow in the transition region. This
effect is demonstrated by the three curves for short and
long tubes in Fig. 5. Raising the external pressure does
not alter pressure-flow relationships in region 3.
Raising downstream pressure while keeping external
pressure constant has the same effect on flow resistance
in the transition region as does decreasing the external
pressure while keeping the downstream pressure con-
stant [8]. This is so because the shape and cross-
sectional area of the tube are determined by the
difference between external and downstream pressure.
Consequently, by raising downstream pressure one
may distend the tube and increase flow without neces-
sarily changing upstream pressure [8]. As will be seen,
this feature of pressure-flow relationships in collapsible
tubes is particularly relevant to flow in Henle's loop.
We can now consider the similarities between flow
through rubber tubes and microperfused Henle's
loops. Obviously, the loop is more complex than a
rubber tube and, probably like veins [14], it responds
to changes in transmural pressure when in the col-
lapsed state by stretching as well as bending of its walls.
Nonetheless, its luminal shape and cross-sectional
area are determined by transmural pressure difference
0 5 10
mm Hg
Fig. 7. Ef,Thctive cross-sectional area of the loop as a function of
trans,nural pressures. Nondiuretic kidneys (solid squares) and
saline diuretic kidneys (open circles). Left, P — Pd0. Proximal
transmural pressure P =proximal intraluminal pressure;
Pd() = zero flow distal pressure as an estimate of tissue pressure.
Right, PdPd0. Distal transmural pressure P = distal intraluminal
pressure Means SEM.
(Fig. 7),1 and, therefore, pressure and flow are deter-
mined in part by the differences between distal tubular
pressure and tissue pressure.
In order to compare pressure-flow relationships in
Henle's loop and rubber tubes, we needed an estimate
of external or peritubular tissue pressure in the kidney.
We assumed that zero flow distal pressure is equivalent
to effective tissue pressure. The justification for this
assumption follows. In a collapsible tube, when down-
stream pressure is equal or less than external pressure
upstream, pressure in the absence of flow equals
external pressure [15]. If we assume the downstream
pressure for a distal tubule is the pelvic pressure (which
was close to atmospheric in our later experiments),
then pressure in the distal tubule should fall to equal
tissue pressure when the pump is turned off. That
distal pressure did fall to or below tissue pressure was
demonstrated by the collapse of late distal segments in
nondiuretic kidneys, when the pump was turned off.
Wunderlich et al [16] found an average subcapsular
fluid pressure of 2.8 mm Hg in nondiuretic rats. There
are theoretical reasons to expect a higher value for
zero-flow distal pressures. First, the effective compres-
sing force acting on the distal tubule may reside in
part in the interstitial and tubular wall structure. This
portion of the tissue pressure may not be transferred
to free fluid beneath the capsule. Second, the balance
of forces across a thick-walled tube is dependent upon
1 Effective cross-sectional area of the microperfused loops was
calculated from Poiseuille's equation:
r2— /8xQxlxnI ir(P—P0)
1.
100
CC
C-,y 50
C()
P—P0,, mm Hg
with Q=perfusion rate (mI/see), length 111= 0.6 cm, viscosity
(n)=7x l0 poises, (PP—Pd)=pressure drop across the loop
(dynes/crn2).
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wall thickness. The wall will be at zero stress when the
product of internal pressure and surface area equals
the product of external pressure and surface area. The
internal surface area of a thick-walled tube is signifi-
cantly less than the external surface area; thus, in-
ternal pressure will be higher than external pressure
when there is no tension in the wall [17]. Third, down-
stream pressure is actually the pressure at the conflu-
ence of distal tubule and collecting duct. This pressure
is greater than atmospheric pressure by the amount
required to drive fluid through the collecting duct
system. In nondiuretic kidneys the requisite pressure
head is small but it increases as urine flow increases.
The independence of distal tubular pressures and
urine flows at low urine flow rates [1] suggests that the
collecting duct behaves as a collapsible tube under
water fall conditions in nondiuretic kidneys. Urine
flow and distal pressure are more directly related in
diuretic kidneys [1, 18], suggesting that the collecting
duct is behaving either as a collapsible tube in the
transition region or as a rigid pipe. In summary, zero-
flow distal pressure is a good estimate of tissue pres-
sure acting on the distal tubule of nondiuretic kidneys
but it probably overestimates tissue pressure in
diuretic kidneys.
The effect of external pressure upon pressure-flow
relationships in Henle's loop (Fig. 6) is like that seen
in long but not in short collapsible rubber tubes (Fig.
5). Resistance to flow in Henle's loop was less in
diuretic than in nondiuretic kidneys (Fig. 6) because
with diuresis distal tubular pressure increased relative
to effective tissue pressure, thereby dilating the loop
(Fig. 7). The difference between pressure-flow relation-
ships in mannitol and saline diuretic kidneys could
have either a methodological or biological origin. Two
methods of urine collection were used; consequently,
pressures in the renal pelvis were higher in the man-
nitol diuretic rats. Alternatively, the differences be-
tween mannitol and saline diuretic rats might arise
from an undetected difference in water reabsorption in
the loop [4]. It is unlikely that the difference in pres-
sure-flow curves relates to the technique of pressure
measurement since Allison, Lipham and Gottschalk
[2] have shown that the Landis and servo-null methods
give similar results.
Compliance of loops in nondiuretic and diuretic
kidneys was similar to that of isolated perfused tubules
(Fig. 7) [18]. Loops in saline diuretic kidneys seemed
to be slightly more distensible than those in i-ion-
diuretic kidneys which might be due to overestimation
of the external pressure in saline diuretic kidneys.
Gottschalk and Mylle [1], Gertz and Braun [7] and
Schnermann [4] assumed that the thin limb was the
site of variable resistance in the loop. In their view a
segment 1.5 mm long was responsible for the entire
pressure drop in the loop [4]. The dimensions of the
thin descending limb are similar to those of short thin-
walled collapsible tubes studied by other investigators
[6, 8, 14]. However, the pressure-flow relationships we
found in microperfused Henle's loops were those one
would expect to find in long thick-walled collapsible
tubes. We have, therefore, chosen to consider the
entire ioop (6 mm) to be collapsible. That the entire
loop is collapsible seems to us consistent with in vivo
and histological observations. Calculations of cross-
sectional area based upon pressure-flow relationships
assuming a tubule length of 6 mm yield results con-
sistent with histological observations (Fig. 7), whereas
luminal areas calculated for a 1.5 mm length are
smaller than histological sections lead one to expect.
We are proposing that pressures and flows in Henle's
loop are related as they are in long collapsible tubes in
the transition region. This implies that luminal volume
and resistance to flow in the loop are determined to a
large extent by the difference between distal tubular
and tissue pressures. That the distal tubule expands
with increasing flow is evident to any micropuncturist.
It is likely that the ascending thick limb also expands.
If it does, its volume will be determined by the differ-
ence between distal pressure and tissue pressure.
Luminal volume will in turn determine the contact
time of fluid with the ascending limb at any given flow
rate. Schnermann [4] suggested that contact time with
the ascending limb could influence the extent of water
reabsorption. Colindres and Lechene [19] found that
osmolality of distal tubular fluid was lowered when
linear flow velocity in the distal tubule was accelerated
by suction through a collecting micropipette. Could it
be that in kidneys of hypertensive animals increased
tissue pressure relative to distal pressure collapses the
ascending limb, shortens transit time and alters salt
and water reabsorption [20]? The effect of variable
transmural pressure upon transit time during distal
collections in ioop microperfusion experiments [4, 12]
might explain the inconsistency of the results obtained.
However, it must be noted that two mathematical
models do not predict any significant effect of linear
flow velocity on salt or water reabsorption [21, 22]
in the nephron.
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